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SUMMARY

Program Goals

The purpose of the program described here was to attempt to
join a container of thermal energy storage (TES) material to an exist-
ing thermionic converter and thus demonstrate the feasibility of using
the stored energy to power the converter when external solar power
was not available. Such a combined TES-thermionic system showed
promise of being a lighter and more reliable means of providing
electric power from solar energy in orbiting applications, where the
'sun was periodically shaded, than the use of batteries during the dark

portion of the cycle.

Before the initiation of this program, considerable work had

s

been donel' on finding means of containing suitable TES materials.
This work indicated that the binary mixture of 3 BeO-2 MgO had a
melting point compatible with thermionic emission (2145°K), had a
high specific heat of fusion (370 cal/g), and was chemically compat-
ible with rhenium at the oxide’s melting point. The program described

here was therefore based upon the use of this oxide in a rhenium con-

tainer.

Concurrent with this program another4 was initiated in which
supporting research was conducted to measure the properties of this
and other oxides and to carry out further studies on the contaiinment
of the oxide. Much of the data generated was used in the design of the

TES feasibility model.
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The work on the TES feasibility model was not intended to
encompass the generation of property data or the investigation of
various means of containment. Its purpose was to assemble a device
using then current technology and to demonstrate in a working model

the operation of a converter with thermally stored energy.

Method of Attack

In view of the limited scope of the program, the Series VIII
SET converter, modified to include a monolithic rhenium emitter and
emitter sleeve, was chosen as the conversion device. Its performance
was well established, as were the construction techniques. The com-
plete TES model included a converter, a container of oxide welded to
the emitter of the converter, and multiple-layer radiation shields
enclosing the part of the container that did not abut on the emitter.
An electron-bombardment heater was included between the shields and
the container to provide the heat to melt the oxide. Figure 1l is a
cutaway drawing of the converter and container. The shields and the
heater are not included. Figure 2 shows the container-converter
combination. In Figure 3 the complete TES model is shown mounted
for test. The electron-bombardment heater leads can be seen ex-
tending downward from the top of the setup and entering the thermal
shielding. The shielding is in place around the container, and the

converter is below the shielding.

A computer study was made of the interaction of such param-
eters as the quantity of oxide, the shielding effectiveness, and the
converter's performance. The parameters chosen for use were the

following:
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Figure 1. Cutaway Drawing of Converter and Container.
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Figure 2.

Container-Converter Combination.




Figure 3. Complete TES Model Mounted for Test.
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Container Height 3 cm
Container Diameter 4 cm
Container Volume 37.8 cm3
Percent of Container Filled with Oxide 70%

The expected performance of the model was as follows:
Calculated Operating Time on TES 9.5 min
Calculated Specific Power 11,6 W-hr/1b

The container for the oxide was maae of rhenium and was de-
signed so that its bottom surface also acted as the emitter of the
converter. The assembly procedure consisted of assembling and
testing the entire converter and then adding the cylindrical sides, the
oxide, and the flat lid. All joints in the container were made by electron-
beam welding. The performance of the converter at 1900, 2000, and

2150° K emitter temperature is shown in Figure 4.

The oxide was prepared by mechanically mixing BeO and MgO
in the proper proportions in a blender, melting the mixture and forming
slugs of the 3 BeO-2 MgO, machining the slugs-to the proper size, and
inserting them into the container. Figure 5 shows a typical disc of

the oxide.

A small test container was fabricated, loaded with oxide,
welded shut and tested. Its height was 0. 87 inch, and its diameter

l inch, and it was filled to 58. 5% of capacity. The capsule was

heated above the melting point of the oxide sixteen times without oxide
leakage and without any change in the appearance of the container's
surface. Based on this test, a full-size container was fabricated for

the TES model.
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Figure 5. Typical Disc of 3 BeO -2 MgO.
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The TES model was tested by slowly heating and melting the
oxide. When the oxide had melted, an increase was noted in the
pressure in the vacuum system. The heating was terminated and the
model was cooled. During the cooling a record was made of the con-
verter’s output, and this is shown in Figure 6. Examination of the
model showed an oxide leak in the weld joining the lid of the container

to the side wall. This is shown in Figure 7,

The performance of the model during cool-down showed that
the converter output followed that predicted by the earlier computer

calculations.

Following this test, another full-size container was constructed
in an effort to achieve a leak-tight unit, but this container also leaked
when the oxide was melted. In addition, it exhibited severe distortion,
as if a large pressure had been exerted against the inner walls, caus-
ing them to bulge outward. Figure 8 shows the container after test.
Since the oxide used in this container had been purified by melting,
and the container had been thoroughly evacuated before the lid was
welded, the source of the pressure was difficult to determine. This
container leaked at the weld of the emitter piece to the cylinder after

the second heating.

Conclusions and Recommendations for Further Action

The results of this program showed that a container of thermal
energy storage material can be integrated with a thermionic converter
using available fabrication technology. Furthermore, the exposed
surface of the container can be adequately shielded with multi-layer

radiation shields to concentrate the bulk of the heat into the thermionic

O
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emitter. Finally, the method of calculating the output of the model

during cool-down was proved valid.

However, before a long-lived model can be constructed, the
problem of containing the oxide must be solved. Now that definitive
property data describing the 3BeO - 2 MgO oxide is available, con-
tainment tests can be performed to establish the phenomena taking
place within the sealed capsule. Further experimentation is also
necessary to establish a reliable means of preventing contamination
of the final weld by the oxide. When this information is available a
second TES model with the dark-cycle operating capability of an

actual mission can be built.

lo
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Figure 6. Converter Output During Cooling of Oxide.
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Figure 7. Oxide Container, Showing Leak in Weld
Joining Lid to Side Wall.
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Figure 8. Oxide Container, Showing Bulging
of Bottom and Top Surfaces.
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various converter components. Both electron-beam and inert-gas
welds had proven satisfactory. However, the proximity of the molten
oxide to the welds led to concern about its interaction with the weld.
Consequently the program plan stressed component testing and

examinations in this area.

Although most anticipated orbital applications required
energy storage for periods of 20 minutes or more, the goal for this
feasibility device was established as 10 minutes. Operation for
10 minutes would prove feasibility while also minimizing the amount
of very costly rhenium that would be consumed. A computer study
early in the program established 9. 5 minutes as the expected operating
time following termination of power input, and the feasibility model

produced power for exactly that length of time.

1-2
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VOLUME II

1. INTRODUCTION

The program described here was initiated at the Thermo
Electron Engineering Corporation by the Jet Propulsion Laboratory
in the spring of 1965. Its purpose was to join a thermionic energy
converter to a container of thermal energy storage material using
existing technology, and to show the feasibility of the integrated device

and point out the problem areas.

Earlier work had shown that the oxide mixture 3 BeO - 2 MgO
had a high heat of fusion and a melting point compatible with high-
temperature thermionic converters. For orbiting space power appli-
cations, where solar power was available for part of each orbit, solar-
powered generators were generally provided with battery storage. By
the use of thermal energy storage a lighter overall system appeared
possible, and also the conversion devices would be subjected to far

less thermal cycling.

At the outset of this work solar thermionic converters and
generators had reached the stage of development where long-lived
and light-weight devices were available. Furthermore, these had
successfully withstood the shock and vibration environment of a launch
vehicle. The most advanced converter at that time was the Series VIII
type developed under the SET (Solar Energy Thermionic) program.
This converter was chosen for use in the construction of the thermal

energy storage feasibility model.

The principal problem anticipated at the outset was that of
welding the rhenium thermal storage container. Sound and vacuum-

tight welding of rhenium had been accomplished many times for

1-1 e
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An electron-bombardment gun was designed for heating the

container to melt the oxide and was placed within the shielding.

2.2 Influence of Variables on the Specific Power and the Operating
Time

The equation describing the heat flow, Q, through the Series VIII
converter is:
4
Te Te

1| +4.6 | — + 2.66 IO, watts

= 3 -
Q=10+ 39 1000 1000

where;
the first term is the cesium conduction,
the second term is the loss from the spacer,

the third term is the sum of interelectrode
radiation and radiation loss from the sides
of the emitter, and

the last term is the electron cooling.

This expression was formulated from the data obtained on several
Series VIII converters. Figure 2.3 illustrates the total heat input
measured for several diodes as a function of the output current,
while Figure 2. 4 shows the heat required by the converter with the
cesium conduction term deleted. From the latter figure, the heat
required to obtain an emitter temperature of 2000°K at zero amperes
was obtained by extrapolating the curve to zero amperes. This value
was 185 watts and consisted of emitter radiation and conduction

through the emitter spacer.

From the geometry of the Series VIII emitter structure and
from the total heat required to achieve the rated emitter temperature,

the radiation loss from the upper portion of the emitter was estimated
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2.1 Design Approach

4

The approach to the .‘des1gn of the thermal energy storage
feasibility model was to use as many proven components and tech-
niques as possible. For this reason the Series VIII SET converter
was chosen, and it was modified only to the extent necessary to
couple it to a container of thermal energy storage material. The
program called for the use of 3 BeO-2MgO oxide as the storage
material and, because earlier workl’ 2,3 had shown this oxide to
be compatible with rhenium, the container was designed of this
metal. Similarly, the method of fabricating the container was
based on the same earlier work and consisted of purchasing 20-mil
rhenium sheet, rolling the sheet into a cylinder, seam welding the
cylinder by electron-beam welding, and attaching bottom and top ,
plates by electron-beam welding. To avoid the formation of brittle
intermetallics, the emitter support sleeve of the Series VIII con-
verter was changed from tantalum to rhenium, and the rhenium
container was then electron-beam welded to the sleeve. Figure 2.1

shows the Series VIII converter in simplified cross section. Figure?2. 2

shows the container attached to the converter.

As can be seen in Figure 2. 2, the heat from the container
had to be concentrated into an emitter that constituted a small
fraction of the container's surface area. The remainder of the
surface required thermal shielding to minimize radiation losses

and maximize operating time after the driving power was terminated.

Multiple-layer shielding that had been used successfully in other

thermionic programs was also used here.
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4
as 2,84 (T¢/1000) . The interelectrode radiation term was estimated
. 4 :
as 1.76 (T /1000) 7, giving a total of 4. 6 (TE/1000)4. The spacer term
coefficient, therefore, was taken to be 39 in order to give a total heat

flow of_185 watts at 2000°K.

By calculating the slope of the curve, namely, 2. 66 watts/ampere,

an estimate of the electron cooling was obtained.

Figure 2.5 is a plot of the output of the VIII-P-3 converter at
pyrometer hole temperatures of 1500°C, 1600°C, 1700°C, 'and 1800°C.
The cesium reservoir temperature (°C) at the various points is also
.shown. This data showed that as the emitter cooled, a constant-
voltage mode of operation resulted in a 50 to 80°C variation of optimum
cesium reservoir temperature at any constant output voltage. For
constant-current operation, the optimum cesium temperature varied
between 5 and 25°C. This smaller range was expected to be easier
to maintain during the cooling cycle. Table 2.1 shows both modes
of operation versus emitter temperature. For the same starting
points, the constant-current mode gave much larger average power

outputs.

The model used for computation of the TES model's operating
time assumed all the oxide to be initially liquid. Heat flowing into the
emitter caused solidification in the axial direction from the emitter
towards the top of the container. Heat losses through the shield
surrounding the container produced solidification in a radial direction

from the sides towards the center.
" The heat to the emitter was computed from

4
Qg = S, + Sp (T /1000-1) + S (Tg/1000) " + Spl watts
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where
SA = cesium condition
Sp = spacer loss constant
Sc = radiation loss constant
SD = Electron cooling constant
Tg = emitter surface temperature, °K
I = output current, amperes

The emitter surface temperature was assumed to be equal to
the melting point of the oxide minus the temperature drops through

the already solidified oxide and the emitter proper.

X
T. =T, - — + Re
E m El k&
where

TM = oxide melting point = 2145°K
X = axial thickness of solid oxide, cm
K = oxide thermal conductivity, W/cm °K
A = average area for heat transfer, cm
Re = emitter thermal resistance, °K/W

The volume of oxide freezing in the axial direction during a

time interval At due to the heat flowing to the emitter was

QE At
AV T TH

’

where H was the oxide heat of fusion (watt sec/cc).

Heat losses through the shield were

QY =jaq, As
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TABLE 2.1

POWER OUTPUT VERSUS EMITTER
TEMPERATURE FOR CONSTANT-VOLTAGE
AND CONSTANT-CURRENT OPERATION

Emitter Constant Output Voltage Constant Output Current
Temperature | Voltage Current Power | Voltage Current Power
(°K) (Volts) (Amperes) (Watts) | (Volts) (Amperes) (Watts)
2100 0.9 55 49.5 0.9 55 49.5
2000 0.9 31 27.9 0.71 55 39,0
1900 0.9 10 9.0 0.56 55 30.8
1800 0.9 6 5.4 0.39 55 21.4
2100 1.0 43 43 1.0 43,5 43.5
2000 1.0 17. 17.5 0.8 43.5 34.8
1900 1.0 8. 8.0 0.62 43.5 27.0
1800 1.0 5. 5.0 0.43 43.5 18.7
2100 1.2 23 27.6 1,2 23 27.6
2000 1.2 12, 15.0 0.97 23 22.3
1900 1.2 6. 7.2 0.73 23 16.8
1800 1.2 - 3. 3.6 0.505 23 11.6
2-10
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Figure 2.5. Performance of Converter VIII-P-3 at 1500°C, 1600°C,
1700°C and 1800°C Emitter Temperatures.
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A computer was used to calculate the expected output of the TES

model versus time. The numerical values used in the computer program

were:
- 2
A =5cm
H = 6600 watt sec/cc
K =0.08W/cm°K
q, =110 w/cm2
R_ = 0.252°K/W
SA = 10.0
SB = 39
| Sc = 4.6
= 2. 66
s,y =206
T = 2145°K
m
T = 2100°K
y
At = 30 sec’
1 = 23, 43.5, 55 amperes
j = 0.005, 0.01, 0.02, 0.05, 0.10
o = 0.6, 0.7, 0.8, 0.9 (fraction of the container filled

with oxide)
D = 2, 3, 4cm
L 1.5, 2, 2.5, 3, 3.5cm

The diode's interelectrode spacing, because of the use of a rhenium
rather than tantalum emitter support sleeve, was calculated to be 3 mils
instead of 2. 2 mils. To allow for the larger spacing and the resulting
lower performance, the cu;'vgs shown in Figure 2. 5 were shifted by
50 mV to the left. Figure 2.6 shows the resulting emitter temperature

versus voltage for three currents of 23, 4.35, and 55 amperes. This

2-12
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where
As = (ZWDZ/4 + nmDL) cmz, surface area of container
J = shielding loss, fraction
9, = black-body radiation at container temperature Ty’ °K

The volume of oxide freezing in the radial direction was

Q At 3
AV = A cm
y H

The oxide volumes AVX and AV were converted to a disc and
a cylinder of suitable dimensions and fitted to the walls of the container
for the first step, and against the already solidified oxide thereafter.

The procedure was repeated at successive time intervals until no

liquid oxide remained.

Each computer run produced the following information:

T = cumulative operating time, sec

Te = emitter surface temperature, °K

I = output current, amperes

X = distance from emitter to liquid oxide, cm

y = distance from container wall to liquid oxide, cm
Q¢ = heat flowing into emitter, watts

Using the diode performance obtained experimentally during
previous programs, curves were constructed (Figure 2. 6) showing
the TES model's output voltage versus emitter temperature, at
several constant output currents. By computing the emitter tempera-
ture, the appropriate output voltage and power were found from these

curves for each time interval.

2-11
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data was used in the computer program to arrive at the model's output.
The data shown in Figure 2. 5 was measured at emitter temperatures

of 1500°C(1773°K), 1600°C(1873°K), 1700°C(1973°K), and 1800°C
(2073°K), and was considered adequately valid for operation at 1800°K,
1900°K, 2000°K, and 2100°K. Thus the data in Figure 2. 6 was slightly

conservative.

The results of the computer runs are tabulated in Tables 2. 2
through 2.6 Information received from JPL suggested that the oxide's
expansion might be as great as 30%. Consequently, only the results
for ¢ = 0.7 were considered because this amount of oxide would
approximately fill the container when liquid. The results are
summarized in Figure 2. 7. From these results, a container 4 cm

in diameter and 3 cm long was selected for the model. Under constant-

W-hr
1b

and the time to solidification of the order of 9. 5 minutes if a shielding

current operation, the specific power was calculated to be 11. 56

effectiveness of 2% of black-body radiation was achieved. The average

power output during the cooling cycle was estimated to be 12. 95 watts.

2.3 Final Design

2.3.1 Capsule Design

As explained in Section 2. 2, the capsule size was chosen to be
4 cm in diameter and 3 cm long. Previous experience at GEMSDI’ 2,3
had shown successful containment of the 3 BeO - 2 MgO oxide in con-
tainers made with 20-mil sheet rhenium, electron-beam welded at

the joints. A similar procedure was chosen here.

A rolling fixture was designed for the purpose of rolling the

flat 20-mil rhenium sheet into cylindrical form. Then the cylinder

was to be held in the welding fixture shown in Figure 2. 8 and passed

under an electron beam to weld the seam.

2-14
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TABLE 2.3
]

CONSTANT-CURRENT MODE OF OPERATION

(IO = 43,5 amperes)

w4
D (cm) L (cm) J* Q% % P (W-hr/lb) t (min)

2 2.5 0.05 0.8 13,78 1.5

2.5 0.05 0.8 11,34 3.0
4 2.5 0.05 0.8 9.89 5.0
3 1.5 0.05 0.8 17.61 2.5
3 3.5 0.05 0.8 8.22 3.5
3 2.5 0.05 0.6 14,09 2.5
3 2.5 0.05 0.7 14,45 3.0
3 2.5 0.05 0.9 10.16 3.0
3 2.5 0.10 0.8 10.2 2.5
3 2.5 0.01 0.8 12.6 4.0
2 1.5 0.05 0.6 26.3 1.0
2 1.5 0.05 0.9 20.1 1.5
4 3.5 0.05 0.6 8.55 4.5
4 3.5 0.05 0.9 6.29 5.5
4 1.5 0.05 0.8 14,67 3.5

* Shielding loss - fraction of black-body radiation at 2100°K.,

%% Fraction of container filled with oxide,
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CONSTANT-CURRENT MODE OF OPERATION

(IO
D (cm) L {cm) J

2 2.5 0.05
3 2.5 0.05
4 2.5 0.05
3 1.5 0.05
3 3.5 0.05
3 2.5 0.05
3 2.5 0.05
3 2.5 0.05
3 2.5 0.10
3 2.5 0.01
2 1.5 0.05
2 1.5 0.05
4 3.5 0.05
4 3.5 0.05
4 1.5 0.05

TABLE 2.2

= 23 ammneres)

P (W-hr/10)
0.8 13.2
0.8 10.67
0.8 9.13
0.8 13.94
0.8 8.09
0.6 12,34
0.7 13.02
0.9 9.92
0.8 8.2
0.8 13.66
0.6 19.08
0.9 16.3
0.6 8.23
0.9 6.47
0.8 12.23

t (imin)

J
o

9,
o » Ut O

* Shielding loss - fraction of black-body radiation at 2100°K.

*% TFraction of container filled with oxide.
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TABLE 2.5

CONSTANT-CURRENT MODE OF OPERATION

(Io = 23 amperes, @ =0,7)

D (cm) L (cm) J* P (W-hr/1b) t (min)
2 1.5 0.02 21.2 1.5
2 2.0 0.02 18.3 2.0
2 1.5 0.005 24.69 2.0
2 2.0 0.005 20.16 2.5
3 2.5 0.005 16.04 7.5

1.5 0.005 21.76 7.5

1.5 0.01 21,86 6.5

1.5 0.02 15.86 5,0

3 1.5 0.02 19.68 3.5
3 2.0 0.02 16.61 4.5
3 2.5 0.02 14.16 5.5
3 3.0 0.02 12,08 6.0
2.0 0.02 14,89 7.0

2.5 0.02 12,71 8.5

3.0 0.02 11,56 9.5

* Shielding loss - fraction of black-body radiation at 2100°K.

2-18




THERMO ELECTRON
ENGINEERING CORPORATION

TABLE 2.4

CONSTANT-CURRENT MODE OF OPERATION

(Io = 55 amperes)

D (cm) L (cm) J* a* % P (W-hr/1b) t (min)
2 2.5 0.05 0.8 12.7 1.5
3 2.5 0.05 0.8 10. 38 2.5
4 2.5 0.05 0.8 9,04 4.0
3 1.5 0.05 0.8 16.15 2.0
3 3.5 0.05 0.8 7.44 2.5
3 2.5 0.05 0.6 13.33 2.5
3 2.5 0.05 0.7 13,24 2.5
3 2.5 0.05 0.9 9,22 2.5
3 2.5 0.10 0.8 15.5 2.0
3 2.5 0.01 0.8 10.6 3.0
2 1.5 0.05 0.6 21,1 0.5
2 1.5 0.05 0.9 17.95 1.0
4 3.5 0.05 0.6 8.48 4.0
4 3.5 0.05 0.9 5.98 4.5
4 1.5 0.05 0.8 14,27 3.5

* Shielding loss - fraction of black-body radiation at 2100°K.

%% Fraction of container filled with oxide.
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TABLE 2.6

CONSTANT-CURRENT MODE OF OPERATION
(I =43,5, a=0.7)
o

D (cm) L (cm) J* P (W-hr/1b) t (min)
2 1.5 0.02 22.6 1.0
2 2.0 0.02 19,8 1.5
2 1.5 0.005 26.57 1.5
2 2.0 0.005 20.17 2.0
3 2.5 0.005 14.49 4.0
4 1.5 0.005 22,42 6.0
4 1.5 0.01 21.24 5.5
4 1.5 0.02 19, 44 4.5
3 1.5 0.02 23.38 2.5
3 2.0 0.02 16.98 3.5
3 2.5 0.02 17.79 3.5
3 3.0 0.02 11.52 3.5
4 2.0 0.02 15,47 5.5
4 2.5 0.02 12,61 6.0
4 3.0 - 0.02 10.73 6.0

* Shielding loss - fraction of black-body radiation at 2100°K.
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The bottom of the container was designed to be made from
100-mil rhenium plate. First this was to be machined into a circular
slug with an electric-discharge machine (EDM) and then the emitter
was to be formed with additional EDM cuts. The details are shown in

Figure 2. 9.

The capsule assembly sequence consisted of first assembling
and testing the converter with electron bombardment and then adding
the cylindrical part of the capsule, adding the oxide, and finally

welding the lid to close the capsule.

To provide the oxide, the program plan was to purchase
purified beryllia and magnesia powder, check the purity, conduct
additional purification if necessary, mix the powders, and finally
melt the mixture in vacuum to form solid oxide slugs which could

be inserted into the capsule.
2.3.2 Converter

Of the various thermionic converters available at the outset of
this program, the Series VIIl SET converter was the most advanced
and the most reliable. In addition, its performance was well docu-~
mented over a wide range of operating conditions. This converter is

shown in Figure 2. 10 (Dwg. 479-1000, Rev. Lj.

The emitter of this converter was constructed of rhenium sheet
20 mils thick, isostatically pressure-bonded to a tantalum substrate
that formed a portion of the cavity of a solar-powered generator. The
cavity piece and the rhenium emitter are shown in Figure 2. 10 as
part 1001, which is electron-beam welded to a thin tantalum emitter
support sleeve shown as part 20. This sleeve is about 3 mils thick

and functions both as the emititer support and as one current lead.
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The sleeve is brazed at the end opposite the emitter to a flat niobium

flange, part 6.

The seal structure of the converter consists of two niobium
flanges, parts 6 and 7, brazed to an aluminum oxide insulator, part 5.
This latter flange, part 7, is brazed to a molybdenum collector, part 2.
The collector is brazed to a copper radiator, part 8, which is coated

with chrome oxide to maximize its emissivity.

The interelectrode spacing of this converter is established by
the thermal expansion of the emitter and seal structure relative to the
collector. With the emitter at 2000°K and the collector at 1000°K,
the spacing is about 2. 2 mils. At room temperature the emitter and

collector surfaces touch.

A cesium reservoir, formed of parts 15, 10, and 11, communi-
cates with the converter through a nickel tubulation, part 9. The reser-
voir is supported in the direction transverse to the diode axis by means
of a spider with the three supports formed of parts 44, 37 and 43. A
thin radiation shield, parts 45 and 46, avoids overheating of the reser-

voir due to radiation from the inner surface of the radiator.

The converter is held to the generator by a niobium flange,

parts 4 and 42, and by four stainless screws, part 12.

Work conducted prior to this program had shown good com-
patibility between the 3 BeO-2 MgO oxide and rhenium containers.
Rhenium was consequently chosen as the container material for the
TES model. The existence of brittle intermetallics between rhenium
and tantalum required that the emitter and emitter support of the con-

verter be made of rhenium or of some other refractory metal that did
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not exhibit such intermetallics with rhenium. Because of Thermo
Electron's previous experience in joining rhenium to rhenium by
welding, the converter's emitter and sleeve were redesigned to be
made of rhenium. The difference in thermal expansion between
tantalum and rhenium resulted in a difference in interelectrode

spacing, as shown by the following calculations.

Figure 2.11 shows the components considered in calculating
the spacing of the diode. The emitter and collector surfaces were
assumed to be just touching at room temperature. The spacing when

the emitter was at 1900°C was calculated as follows:

Expansion of rhenium at 1900°C is 13. 9 mils/in.
Expansion of rhenium at 1500°C is 10. 96 mils/in.
Expansion of niobium at 700°C is 5. 40 mils/in.

Expansion of molybdenum at 650°C is 3. 56 mils/in.

The total expansion of the emitter face from the reference

plane was:
0.220(5. 40) + 0. 440(10. 96) - 0. 050(13.9) = 5.32 mils

The total expansion of the collector face from the reference

plane was:
0.610(3.56) = 2. 17 mils

The difference in expansions was the spacing, namely, 3.15

mils,

Figure 2. 11 also illustrates the means of joining the emitter
support sleeve to the upper seal flange. In the Series VIII converter,

a tantalum sleeve is beam-welded at its base to a thin niobium flange,
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which is brazed to the insulator ceramic. Because tantalum and
niobium do not form brittle intermetallics upon melting, the joint is
quite strong. However, since rhenium and niobium do have inter-
metallic compounds, beam-welding of the joint was undesirable, and
brazing {which could be accomplished at much lower temperature) was
preferable. To allow for relief of the stress at the rhenium-niobium
joint caused by differences in the thermal expansion behavior of both
metals, the niobium flange included a section concentric with the
collector to permit deflection without placing the strain directly on the

metal-to-ceramic joint.

The rhenium sleeve selected for the converter was 8 mils thick,
and was ordered from Chase Brass and Copper. This vendor had
previously supplied 12-mil tubing which had been incorporated success-
fully into several thermionic devices, and felt reasonably confident of
being able to supply the 8-mil tubing., Because of the unique work-
hardening properties of rhenium, which could complicate making
accurate thin circular tubes, they were unwilling to attempt any thick-
nesses less than 8 mils. With an 8-mil sleeve, the heat conduction
to the seal would increase over that normally found in the Series VIII
converter, but from preliminary calculations the additional amount

was not expected to cause overheating of the seal assembly.

Having chosen to construct the oxide container, the emitter,
and the emitter support sleeve of rheniwm, the most logical way to
construct the emitter was to make it part of the bottom of the oxide
container. In this way the therrmal resistance from the oxide to the
emitting s.urface was minimized. Figure 2.11 shows the way in which
the bottom of the container was machined to form an emitter with an

2
emitting area of 2 cm . The side of the emitter was grooved to
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accommodate the rhenium support sleeve, which in turn was electron-
beam welded to the emitter. A hohlraum was provided just above this

joint for pyrometric temperature measurements.

2.3.3 Shielding

As can be seen from the calculations in Section 2. 2, the operating
time of the TES model was expected to be a strong function of the heat
losses from the sides and top of the oxide capsule. The model operates

in vacuum, and therefore the only mode of loss is radiation.

To minimize radiation losses, a multiple-shield enclosure was
designed. It covered both the oxide capsule and an electron-bombardment
filament for use in melting the oxide. Figure 2. 12 shows the entire TES
model design. The capsule is surrounded by two annular rings, parts
4] and 42. These support an electron-bombardment filament, part 43,
and are held by two support arms, parts 40 and 44. The radiation

shields enclose both the gun and the oxide capsule.

In order to minimize changes in emissivity of the radiation
shields adjacent to the capsule and of the capsule surface as evaporation
of surface material occurs, the first three shields were designed of
rhenium, the same material as the oxide container. Subsequent shield
layers were designed of tantalum for ease of fabrication. Past experi-
ence had shown that up to 10 layers of carefully spaced shields produced
measurable and significant reductions in radiation. ¥urther layers
accomplished little and merely complicated the fabrication. Ten shield
layers were used throughout in this design. Care was taken to stagger

and overlap the end joints in order to minimize end losses.
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In order to minimize conduction between adjacent shields,
dimplies were formed in the material and these acted as point contacts.
Such separation was not planned for the three rhenium shields because

of the difficulty of forming the metal.

As can be seen from Figure 2. 12, the radiation shields were
extended beyond the capsule to enclose the emitter support sleeve

also.

Holes were provided in the shield assemblies for the two bom-
bardment gun supports. Another hole, also shown in Figure 2. 12,
was placed in line with the emitter hohlraum to allow pyrometric

observation of the emitter temperature.

Figures 2. 13 through 2. 20 show the shield assembly in more
detail.

2.3.4 Heater

The design of the heater for melting the oxide was determined
primarily by the necessity of heating the side of the capsule because
of the void between the oxide and the lid. Consideration was given to
the use of rhenium fins attached to the container lid and 